A distinctive feature of the avian genome is the large heterogeneity in the size of chromosomes, which are usually classified into a small number of macrochromosomes and numerous microchromosomes. These chromosome classes show characteristic differences in a number of interrelated features that could potentially affect the rate of sequence evolution, such as GC content, gene density, and recombination rate. We studied the effects of these factors by analyzing patterns of nucleotide substitution in two sets of chicken-turkey sequence alignments. First, in a set of 67 orthologous introns, divergence was significantly higher in microchromosomes (chromosomes 11-38; 11.7% divergence) than in both macrochromosomes (chromosomes 1-5; 9.9% divergence; P = 0.016) and intermediate-sized chromosomes (chromosomes 6-10; 9.5% divergence; P = 0.026). At least part of this difference was due to the higher incidence of CpG sites on microchromosomes. Second, using 155 orthologous coding sequences we noted a similar pattern, in which synonymous substitution rates on microchromosomes (13.1%) were significantly higher than were rates on macrochromosomes (10.3%; P = 0.024). Broadly assuming neutrality of introns and synonymous sites, or constraints on such sequences do not differ between chromosomal classes, these observations imply that microchromosomal genes are exposed to more germ line mutations than those on other chromosomes. We also find that dN/dS ratios for genes located on microchromosomes (average, 0.094) are significantly lower than those of macrochromosomes (average, 0.185; P = 0.025), suggesting that the proteins of genes on microchromosomes are under greater evolutionary constraint.
[Supplemental material is available online at www.genome.org. The sequence data from this study have been submitted to GenBank under accession nos. AY685058-AY685062, AY685066-AY685094, and AY685097-AY685111.]
Compared to mammals, avian genomes are small but contain a larger number of chromosomes. The chicken genome (Gallus gallus) , which is characteristic of other bird genomes, contains 39 chromosome pairs (Burt 2002 ) but a total genome size of only 1.1 Gb (International Chicken Genome Sequencing Consortium [ICGSC] 2004) . This compares with 20 chromosome pairs in a euchromatic genome of 2.5 Gb in mouse and 23 pairs in 2.9 Gb in humans (International Human Genome Sequencing Consortium [IHGSC] 2001; Mouse Genome Sequencing Consotium [MGSC] 2002) . Avian chromosomes are also highly variable in size, leading to their classification into micro-and macrochromosomes. In this article, we follow the convention of the International Chicken Genome Sequencing Consortium (ICGSC 2004) by classifying chicken chromosomes into three classes: five macrochromosomes (GGA 1-5), measuring from ∼50 to 200 Mb in size, five intermediate chromosomes ranging from 20 to 40 Mb, and 28 microchromosomes (GGA 11-38), on average ∼12 Mb long.
In addition to the differences in size, these three chromosome groups also exhibit marked differences in a number of other genomic features. Chicken microchromosomes are estimated to account for only 18% of the total female genome. Despite this they harbor ∼31% of all chicken genes (ICGSC 2004) , giving them a gene dense structure with three to four times shorter intergenic sequences than on macrochromosomes. Furthermore, recombination rates are higher on microchromosomes (median rate, 6.4 cM/Mb) than on both intermediate (3.9 cM/ Mb) and macrochromosomes (2.8 cM/Mb) (ICGSC 2004) . It is also known that the GC content is higher on microchromosomes (Auer et al. 1987) , as is the level of methylation (Grutzner et al. 2001) , partly due to an increased number of CpG sites. Microchromosomes also are richer in CpG islands and replicate earlier than do macrochromosomes (McQueen et al. 1996 (McQueen et al. , 1998 ICGSC 2004) .
Increasing amounts of evidence show that mutation rates vary over genomes on a variety of scales, including both within and between chromosomes (Wolfe et al. 1989; Matassi et al. 1999; Lercher et al. 2001; MGSC 2002; Smith et al. 2002; Hardison et al. 2003; ). Many genomic features that differ between micro-and macrochromosomes have been implicated in causing mutation rate variation (Caron et al. 2001; EyreWalker and Hurst 2001; IHGSC 2001; Lercher et al. , 2003 Lercher et al. , 2004 MGSC 2002; Axelsson et al. 2004; Chuang and Li 2004; . Studies in mammals report a positive cor-relation between GC content and both substitution rate (EyreWalker 1993; Bielawski et al. 2000; Williams and Hurst 2000; Smith et al. 2002) and levels of genetic variation (Sachidanandam et al. 2001) . It is likely that the increased prevalence of hypermutable CpG dinucleotides in GC-rich sequences (Zhao and Boerwinkle 2002) is an important factor in increasing mutation rates in these regions. A further potential correlate of substitution rate is local recombination rate MGSC 2002; Hellmann et al. 2003a; Jensen-Seaman et al. 2004) , which can be highly variable even at small scales on human chromosomes (McVean et al. 2004 ). This could be due to a direct causal effect, resulting from erroneous repair of doublestrand breaks that initiate recombination (Strathern et al. 1995) . However, local recombination rates also correlate with GC content (Kong et al. 2002) , an observation argued to result from recombination driving the evolution of GC content (Meunier and Duret 2004) . Recombination can affect levels of GC content through the process of biased gene conversion (BGC), which leads to the preferential fixation of AT→GC mutations (EyreWalker 1993; Galtier et al. 2001; . Depending on the evolutionary dynamics of GC content and the mutation pattern in a given genomic region, this process may also substantially alter substitution rates (Montoya-Burgos et al. 2003) . Discerning which factors are directly responsible for causing mutations is therefore problematic due to complex interactions between different processes and genomic features.
With the recent advent of the chicken genome sequence, a variety of analyses of molecular evolution are possible by comparison with related avian species, such as turkey. The advantage of these comparisons over comparisons of the chicken sequence with mammalian genomes is first that more reliable estimates of substitution rates can be gained, as synonymous sites become saturated at large evolutionary distances. Second, there have been few chromosomal rearrangements between chicken and turkey, allowing a detailed analysis of the effect of karyotype on evolutionary rates (ICGSC 2004) . To analyze variation in patterns of nucleotide substitution on macrochromosomes, intermediate chromosomes, and microchromosomes in birds, we generated two independent data sets. First, we generated ∼27.9 kb of orthologous noncoding sequence from 67 introns in chicken and turkey (Meleagris gallopavo) located across all chromosomal classes. Second, we constructed 155 chicken-turkey cDNA alignments (∼92.9 kb), also evenly spread across the genome, which we used to estimate both synonymous (dS) and nonsynonymous (dN) substitution rates.
Results
Full details of the genomic location, GC content, and levels of divergence in all alignments are available as Supplemental information. The averages of these statistics according to chromosomal class are presented in Tables 1 and 2 for intron and cDNA alignments, respectively. Note that genomic location was classified according to chicken chromosome. However, the chromosomal location in turkey is not expected to differ much from that in chicken considering the slow rate of chromosomal rearrangements in birds (Burt et al. 1999 ) and an estimated divergence time between the two species of 28 million years (Dimcheff et al. 2002) . Only two large rearrangements are known and a cross-species FISH mapping study using >200 BAC clones did not reveal any additional interchromosomal rearrangements (ICGSC 2004 ).
Nucleotide substitution rates
We found a clear difference in intronic divergence between the microchromosomes and the two other chromosome groups (Table 1 ; Fig. 1 ). When analyzing the divergences using the double bootstrapping method with 1000 replicates (see Methods), microchromosomes (11.7%) were found to have significantly higher divergence than did both macrochromosomes (9.9%; P = 0.016) and intermediate chromosomes (9.5%; P = 0.026). Macrochromosome and intermediate chromosome divergence values did not differ significantly. The same trend was observed at synonymous sites within cDNA alignments (Table 2 ; Fig. 2 ). Here, the difference between micro-(13.1%) and macrochromosomes (10.3%) was significant using the double bootstrapping procedure (P = 0.025), but divergence on intermediate chromosomes did not differ significantly with the other two chromosome classes.
Base composition and rate of sequence evolution
In line with observations from the complete chicken genome sequence (ICGSC 2004) , the GC-content of intron alignments and GC3 in cDNA alignments on microchromosomes is higher than on macrochromosomes and intermediates (Tables  1, 2 ). Despite significant differences in intronic divergence between chromosomal classes, we find no clear correlation between intronic divergence and GC-content (Spearman's rank correlation, r = 0.13, P = 0.31). However, we observe a highly significant correlation between GC3 and synonymous substitution rates in genes (Spearman's r = 0.40; P < ‫01מ‬ ‫6מ‬ ). When accounting for GC3, the significance of the difference in dS between micro-and macrochromosomes disappears (P = 0.33). There is a weak but nonsignificant negative correlation between intron length and divergence (Spearman's r = ‫;42.0מ‬ P = 0.053).
Microchromosomes are known to have a higher incidence of hypermutable CpG dinucleotides. Considering the bias in the distribution of CpG sites and their fast mutation rate, we reanalyzed our intron data set, removing all mutations that had taken place in such sites. The mean divergence of macrochromosomes decreased to 8.6% and that of intermediates to 8.4%, while the divergence of microchromosomes reduced to 9.8%. There was no longer a significant difference in divergence between the chromosome classes (P = 0.117). In order to test that the lack of significance when excluding CpG mutations was not merely due to a reduction in the size of the data set, we reanalyzed the entire data set, randomly excluding the same number of substitutions as were identified as CpG substitutions. Divergence on microchromosomal introns was still significantly higher than on macrochromosomes (P = 0.029). It thus seems that mutations in CpG sites significantly contribute to the rate differences be- Recombination and rate of sequence evolution
In order to examine the potential effects of recombination on substitution rate, we utilized estimates of the average recombination rate for each chromosome by comparison of physical and genetic maps (ICGSC 2004) . We find no significant correlation between average recombination rate and intronic divergence (Spearman's r = 0.20; P = 0.107) and no correlation between average recombination and dS from coding sequences (Spearman's r = 0.062, P = 0.45). However, as large variation in recombination rate has been observed on the fine scale (McVean et al. 2004) in humans, using rates of recombination averaged per chromosome is not optimal for this analysis.
To further understand the causes of variation in substitution rate, we compared frequencies of A↔T and G↔C substitutions on microchromosomes, intermediate chromosomes, and macrochromosomes. These substitutions are unlikely to be influenced by hypermutability at CpG sites or by BGC (Filatov 2004) . However, if recombination is directly mutagenic, we expect all types of mutational change, including A↔T and G↔C to be elevated on microchromosomes. The level of divergence caused by A↔T substitutions on microchromosomes, intermediate chromosomes, and macrochromosomes are 1.57%, 1.55%, and 1.29%, respectively. These values for G↔C divergence are 1.85%, 1.29%, and 1.76%. None of these differences were significant using the double bootstrapping procedure. We therefore have no evidence to support a direct mutational effect of recombination on microchromosomes.
Purifying selection on microchromosomes
In order to investigate the relative effects of selection on all chromosome classes, we estimated and compared dN/dS ratios. Microchromosomes and intermediate chromosomes were both found to have reduced dN/dS ratios (0.094 and 0.105, respectively) compared with 0.185 on macrochromosomes. The difference between micro-and macrochromosomes was significant (P = 0.026). These figures are comparable to a previous estimate on avian proteins of dN/dS = 0.18 based on a comparison of 28 mainly macrochromosomal genes using a chicken-old world quail comparison (Keightley and Eyre-Walker 2000) . We also find a weak but significant correlation between dN/dS and average chromosomal recombination rate (Spearman's r = ‫,261.0מ‬ P = 0.048) but no significant correlation between dN/dS and GC3 (Spearman's r = ‫,601.0מ‬ P = 0.19).
Discussion
In this study we analyzed substitution rates of avian chromosomes using chicken-turkey intron and coding sequence alignments. The results indicate an 18% higher average sequence divergence in introns on microchromosomes compared with macrochromosomes and a 26% higher average rate of synonymous substitutions in coding sequences on microchromosomes compared with macrochromosomes.
In several recent investigations, the neutrality of intron sequence evolution has been questioned (Hare and Palumbi 2003; Chamary and Hurst 2004; Halligan et al. 2004 ). The presence of extended splice-sites and potential regulatory elements means intron sequences could be subject to evolutionary constraint. However, selective constraint is unlikely to result in differences between intronic rates on micro-and macrochromosomes. In general, selective constraint is expected to homogenize differences caused by mutation rate variation. Furthermore, as introns on microchromosomes tend to be shorter (ICGSC 2004) , a greater proportion of sequence is likely to be comprised of regulatory elements, which would result in a reduction in substitution rates on microchromosomes, which is the opposite of what we observe. The evidence for neutrality of silent sites in higher eukaryotes is not ambiguous either (Duret 2002; Hellmann et al. 2003b ) but it seems unlikely that, for example, a codon usage bias would differ between chromosomal classes. Hence the observed differences in divergence on micro-and macrochromosomes are likely to result from variation in germ line mutation rates between chromosome classes. Mutations in CpG dinucleotides are an important factor for explaining the high divergence of microchromosomal intron sequences. Methylated CpG sites easily deaminate, resulting in C→T transitions possibly 10 times more frequent than other mutations (Robertson and Wolffe 2000) . Removal of mutations that had taken place in these dinucleotides clearly reduces the divergence difference between the chromosomal classes. A number of further effects could result in differences in substitution rates between avian autosomes, including recombination being mutagenic. Base composition may directly alter regional substitution rates if global rates of AT→GC and GC→AT mutations differ, although the effect is largely dependent on the equilibrium GC content a sequence is evolving toward (Piganeau et al. 2002) . In addition, BGC may influence substitution rates by altering the pattern of nucleotide fixation, although the effect of this process is also dependent on equilibrium GC content, and little is known about the evolutionary dynamics of base composition in the avian genome. Unfortunately, reliable estimates of fine scale variation in recombination rate across the chicken genome are not yet available, so the relationship between recombination and substitution rate is unclear.
By analysis of dN/dS ratios, we demonstrated that the proteins of genes located on microchromosomes are more evolutionarily conserved. This echoes findings from a mouse-rat comparison (Williams and Hurst 2000) in which the dN/dS ratio was found to be negatively correlated with GC content (and hence recombination rate). Two potential hypotheses have been invoked to explain this observation. Firstly, it could represent local variation in the efficacy of natural selection, which is known to covary with recombination rate (Hill and Robertson 1966; Nordborg et al. 1996) . Second, it could indicate that microchromosomes are enriched for slowly-evolving genes that fulfill conserved functions, such as housekeeping genes. This has been suggested to be the case in GC-rich regions of the human genome (Lercher et al. 2003) , although no evidence for a clustering of genes with similar expression patterns according to chromosomal class has been found in the chicken genome (ICGSC, in prep.) . Simulations indicate that the efficacy of selection is unlikely to vary much due to recombination in species with high average levels of recombination, such as birds (Nordborg et al. 1996) . It is therefore unclear whether variation in patterns of evolutionary conservation reflects a fundamental feature of genome architecture or whether it is a consequence of variation in recombination rate.
The observation of a high rate of sequence evolution on microchromosomes in chicken and turkey represents evidence for a difference in mutation rate between two distinct autosomal classes in a eukaryotic genome. This should, for example, influence the use of molecular clocks in birds as it means there will be lineage specific effects due to differences in karyotype. It is also interesting to note that the small genome size of birds, contributed to by the small size of microchromosomes, if selectively advantageous as proposed by some (Burt 2002) , comes with a cost of a high mutational load.
Methods

Collection of intron sequence data
Chicken and turkey intron sequences used in this study were taken from four sources: the chicken genome sequence (www. ensembl.org/Gallus_gallus), GenBank (www.embl.org), a previous study (Axelsson et al. 2004) , or sequencing (for details, see Supplemental information). To identify intronic sequence, we first BLASTed chicken cDNA sequences against the draft human genome at National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov). Large gaps in the chicken sequence produced in such BLAST alignments were judged to be the positions of putative introns. For all genes analyzed in this study, this approach revealed putative chicken introns at precisely the same positions as in orthologous human genes. Using this information, we designed exonic PCR primers for amplification and sequencing of both chicken and turkey introns (for details, see Supplemental information). Sequences <100 bp were excluded from the study to reduce the potential effects of conserved regulatory elements. Sequence data generated for this article have been deposited in GenBank under accession numbers AY685058-62, AY685066-94, and AY685097-111.
Sequence analysis of intron data
We used the program Sputnik (www.espressosoftware.com) to remove microsatellites from the sequences and RepeatMasker (www.repeatmasker.org) to mask interspersed repeats. Orthologous chicken and turkey introns were then aligned with ClustalW using default settings (Thompson et al. 1994 ) and adjusted by eye. Pairwise distances were estimated using the baseml program in PAML 3.11 (Yang 1997) , with the Tamura-Nei (Tamura and Nei 1993) model of sequence evolution. Distances were estimated assuming that all sites evolve at the same rate (i.e., no among site rate variation). CpG mutations were defined as being CG in one species and either TG or CA in the other (same applied to coding sequences). The genomic location of all introns was determined by BLAST searches against the chicken genome; this confirmed results from searches against the human genome. The program seqtool (Mikael Brandström) was used to graphically represent BLAST hits and identify regions of ambiguous orthology, such as could be present in recently expanded gene families. No such instances were observed.
Collection of coding sequence data
We downloaded all available expressed turkey cDNA sequences from EMBL (www.embl.org) and BLASTed them against all predicted genes in chicken. We used an expect value of <e ‫001מ‬ as cut off value when extracting reliable hits from the BLAST run. For each turkey entry, if more than one chicken sequence scored better than the threshold value, only the best hit was selected for further analysis. In order to remove regions where orthology was ambiguous, we then BLASTed all matching chicken cDNAs against the chicken genomic sequence and visually inspected all hits using seqtool (see above). Gene prediction data from the chicken genome project were used to extract the coding sequence from most of the selected chicken genes. In cases in which the positions of start and stop codons were not annotated, we searched for possible open reading frames within the sequence. In all such cases only one possible open reading frame covering the whole sequence was found. Thirty-three of the 253 turkey sequences with chicken homologs were annotated as complete coding sequences. For these sequences, we relied on the accompanying turkey annotation for identifying the correct reading frame.
Sequence analysis of coding data
The 253 cDNA alignments were created using default settings in ClustalW (Thompson et al. 1994) . Each alignment was checked by eye, and a small number of unreliable segments were discarded by manual editing. A number of the turkey ESTs proved to contain only 5Јor 3Ј UTR sequence and hence no longer matched the trimmed chicken coding sequence. These sequences were removed from the analysis. In other alignments, stop codons were detected in the turkey sequence, possibly due to artificial frame shifts introduced during the alignment process, errors introduced during sequencing, or the turkey sequence being collected from a pseudogene. These alignments were also removed from the analysis. A total of 155 high-quality autosomal alignments were kept for the subsequent divergence analysis. The codeml program of the PAML package (Yang 1997 ) was used to estimate dN, dS, and dN/dS ratios, implementing the Goldman and Yang model of sequence evolution (Goldman and Yang 1994) .
Hypothesis testing
For both of the data sets, we used a nonparametric bootstrapping method termed double bootstrapping (Axelsson et al. 2004 ) to estimate confidence intervals and perform hypothesis testing for noncoding and synonymous divergence. Starting with the intron data set, for each of the three chromosomal classes (microchromosomes, intermediate chromosomes, and macrochromosomes) we first bootstrapped by introns, randomly sampling introns with replacement to give the same total number of introns as in the original data set, and then for each of the intron alignments we bootstrapped by sites, randomly sampling sites with replacement to generate alignments of the same length as the originals. The coding data set was treated similarly with one exception: Instead of bootstrapping by sites in the second step of the procedure, we now bootstrapped by codons to randomly generate alignments of the same length as the originals. The first stage of the bootstrapping procedure accounts for rate variation between different sequences, as may be due to regional variation in mutation (Ellegren et al. 2003) . The second stage of the bootstrapping accounts for random variation in divergence at individual sites. Pairwise distances were calculated for each of the alignments after the double bootstrapping, and the unweighted mean of these distances was calculated.
The bootstrapping process was repeated 1000 times, thereby giving 1000 sets of distance estimates for the three chromosome classes from which to estimate rate statistics. The standard deviation of the bootstrap values gives an estimate of the standard error of the bootstrapped statistic (Sokal and Rohlf 1995) . Hypothesis testing requiring the comparison of rate statistics was performed by direct comparison of randomized bootstrap values.
